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Abstract
Oceanic islands have been providing important insights on the structuring of ecological com-
munities and, under the context of the present biodiversity crisis, they are paramount to
assess the effects of biological invasions on community assembly. In this study we compare
the taxonomic and functional diversity of insect herbivore assemblages associated with the
dominant tree species of Azorean native forests and investigate the ecological processes
that may have originated current patterns of plant-herbivore associations. Five dominant
trees—Erica azorica, Ilex perado subsp. azorica, Juniperus brevifolia, Laurus azorica and
Vaccinium cylindraceum—were sampled in the remnants of the native forest of Terceira
Island (Azores) using a standardised methodology. The taxonomic and functional diversity of
insect herbivore assemblages was assessed using complementary metrics and beta diver-
sity partitioning analysis (species replacement and richness differences) aiming to evaluate
the variation in insect herbivore assemblages within and between the study plant species.
Sixty two insect species, mostly bugs (Hemiptera) and caterpillars (Lepidoptera), were found
in the five study plants with indigenous (endemic and native non-endemic) insects occurring
with higher species richness and abundance than introduced ones. Species replacement
was the most important component of insect herbivore taxonomic beta diversity while differ-
ences in trait richness played a major role on functional beta diversity. The endemic E. azor-
ica stands out from the other study plants by having associated a very distinct insect
herbivore assemblage with a particular set of functional attributes, mainly composed by large
bodied and long shaped species that feed by chewing. Despite the progressive biotic homog-
enization witnessed in the Azores during the last few decades, several strong associations
between the endemic trees and their indigenous insect herbivores remain.
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Introduction
In recent time there has been an increasing effort to go beyond simple species richness when
studying community structure by using complementary approaches such as indices of func-
tional (FD) and phylogenetic diversity (PD) [1–3]. The FD of a given community is commonly
quantified as the distribution in functional trait space of its species and individuals [4,5], and
has thus emerged as a key concept in ecology to help deepen our understanding on community
assembly processes and their association with ecosystem functioning. The growing use of FD
relies on the fact that some morphological, physiological, behavioural or phenological traits
affect, directly or indirectly, the performance and fitness of individuals [6]. Thus, contrary to
taxonomic diversity (TD), the traditional way to analyse ecological diversity which relies on
the assumption that all individuals and species are equal [7,8], FD accounts for the differences
in traits between species and/or individuals and uses that information to characterize and
interpret biodiversity patterns and processes. Furthermore, FD is a more straightforward way
to study how biodiversity influences ecosystem functioning since directional relationships can
be established between functional traits and the delivery of ecosystem processes [9,10].
Studies on functional diversity have been carried out in a wide variety of plant and animal
groups, but mostly on vascular plants in which associations between particular traits and eco-
system processes have been set, helping to identify predictable trait-service clusters [10]. For
example, most trait-based studies investigating plant-herbivore interactions explored how
plant functional traits relate to herbivory pressure, but only a minority addressed the role
played by phytophagous’ functional traits on herbivory levels and on insect-plant associations
[11]. Thus, there is a need to extend the existing paradigms on plant functional diversity to
other organisms, namely the insects that feed on them, as insect herbivores play a major role
in regulating plant diversity and ecosystem functioning [12,13]. Patterns of local host plant use
by herbivore communities have been studied in a variety of ecosystem-types worldwide [14–
23], particularly in grasslands, and in temperate and tropical forests, but much more rarely on
island ecosystems [24–26].
Oceanic islands are considered natural laboratories due to their discrete and replicated
nature, thus providing the appropriate scenario to test ecological and evolutionary theories
[27–28]. Nevertheless, to our knowledge, only a limited number of studies addressing the asso-
ciation of canopy insect taxonomic diversity with their host plants were carried out in oceanic
island ecosystems [29–32]. When compared with continental settings, oceanic islands are usu-
ally poorer in animal and plant species and lack some important taxonomic and functional
groups that are common in mainland [33,34]. These characteristics are particularly evident in
the Azores, a relatively young and remote oceanic archipelago located in the North Atlantic
[34,35]. The quite recent age of the Azorean islands and their remoteness, coupled with their
history of volcanism along with modern human-driven disturbance, have been pointed out as
major determinants for the low species richness and endemism in this archipelago [36–38].
Presently, the native biodiversity can mainly be found in the remaining forest patches on the
different Azorean islands, where some microhabitats (like the canopies of endemic trees)
accommodate a considerable fraction of native non-endemic and endemic species [39–41].
Previous studies on the insect fauna associated with the canopy of Azorean trees showed
that the herbivore community is simple, being dominated by a few generalists and most species
occur in low abundance [31,32]. The dominance of generalists in Azorean Laurisilva canopies
may be due to relaxation of selection pressures since herbivore species richness and abundance
is low, and then, competition for food is likely to be reduced. Thus, it has been argued that
intra- and interspecific competition did not play a major role in structuring Azorean herbivore
assemblages [25]. Further, the lack or low abundance of some canopy predators (e.g. ants,
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passerine birds) and parasitoids (e.g. chalcidoids, ichneumonoids) in Azorean native forests
may have also favoured the prevalence of generalist herbivores since low selection pressure
from higher trophic levels (i.e. top-down effect) allows larger host ranges in herbivores [35,42].
Nevertheless, evidence suggests that, besides species diversity and abundance, insect herbi-
vore life-histories (e.g. specialist vs generalist) and chemically-mediated associational patterns
may also play a role on the understanding of community assembly [43–46].
In this study, we compare the taxonomic and functional diversity of phytophagous insect
communities associated with five dominant tree species of the Azorean native forests and eval-
uate the relative contribution of TD and FD ß-diversity components (species replacement and
richness differences) to shed light on the ecological processes underlying community assem-
bly. There have been only a few works which applied a functional trait-based approach to
study biodiversity and ecological phenomena characteristic to island biota [34,47]. Moreover,
we are unaware of any studies examining functional structure and trait-based assembly of phy-
tophagous insects and their host plants on oceanic islands. Here we aim to contribute to fill
this gap by specifically addressing the following questions: a) Do this five dominant tree species
differ significantly in taxonomic and functional diversity of their associated insect herbivores?;
b) what are the major processes (differences in species richness or species turnover) driving
the changes in herbivore assemblages within and between plants?; and c) are there particular
insect species and traits associated with each study plant? Based on previous work, we predict
that plants with a more complex architecture (i.e. higher branching and leaf number) such as
E. azorica and J. brevifolia should accommodate higher insect TD and FD than the other plant
species. Furthermore, we hypothesize that there may be few associations of insect traits and
species with each study plant since many Azorean herbivores have generalist diets.
Materials and methods
Fieldwork for the collection of insect specimens was authorized by the Direc¸ão Regional dos
Recursos Florestais dos Ac¸ores without the attribution of a permit number.
Study area and plant species
The Azores are a volcanic archipelago composed by nine islands located in the middle of the
North Atlantic Ocean and ranging between 37˚-40˚N and 25˚-31˚W. It is a relatively recent
archipelago (0.3–8.1 Myr BP), quite far from mainland (over 1,500km from Europe and nearly
1,900km from North America), and presenting lower habitat diversity than other Macarone-
sian archipelagos [36,37,48,49]. The original vegetation of Azores included several types of
native forest that dominated the landscape before human colonization, occupying all islands
from the coast to the summit (up to 1,400m in Pico Island) [49,50]. The Azorean native forests
are characterized by low tree stature (usually <5m) and high foliage density that contribute to
low canopy openness and high levels of humidity. During the 600 years following human set-
tlement in Azores, the native forests were severely destroyed and fragmented, and presently
less than 5% of the original forest cover survives [50–52]. The Azorean native forest is cur-
rently absent from two islands (Corvo and Graciosa) and in the remaining seven it is restricted
to high elevations (mostly above 600m).
The present study was conducted in Terceira Island, where the largest native forest frag-
ments in the archipelago can still be found [51]. Nowadays only five fragments remain in this
island: Biscoito da Ferraria, Guilherme Moniz, Pico Galhardo, Santa Ba´rbara and Terra Brava.
Altogether, these five fragments occupy less than 6% of the island surface (covering 23.4km2),
and due to their high value for nature conservation in the Azores were all included in a
recently created natural park [53]. For our study, we chose the dominant tree species in
Plant-herbivore associations from a remote oceanic island
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Terceira native forests, the endemics Erica azorica Hochst. ex Seub., Ilex perado Aiton subsp.
azorica (Loes.) Tutin, Juniperus brevifolia (Seub.) Antoine, Laurus azorica (Seub.) Franco and
Vaccinium cylindraceum Sm. These five species show considerable functional and phylogenetic
differences among them [31,54] (S1 Appendix). For instance, E. azorica and J. brevifolia have
numerous small leaves and complex architectures while the other species have medium (V.
cylindraceum) to large leaves (L. azorica and I. perado). Two of these species, J. brevifolia and
L. azorica, are considered threatened in the IUCN red list due to their small area of occupancy
and severely fragmented populations in the Azores [55,56]. The other study plants are not con-
sidered threatened and most of their populations lie within the limits of the Azorean network
of protected areas.
Insect sampling and functional trait collection
Insect sampling was undertaken in all the five fragments of Terceira´s native forest. Sampling
effort (i.e. transect number) was proportional to fragment size with transects being randomly
distributed in each fragment (S1 Table). The number of transects per forest fragment was
established using a logarithmic scale, assuming a species-area relationship with a slope (z) of
0.35 in a log–log scale [31]. During the summers of 1999 and 2000, a total of 39 transects with
150m x 5m were set up to quantify species richness and abundance of herbivore insects on the
dominant tree species of Terceira native forests. In each transect, ten individuals of the three
most abundant tree species were sampled using a beating tray. The beating tray was placed
beneath a randomly selected branch of a target plant species and the branch was hit five times
with a stick to dislodge the arthropods (for further details see [31]). In some transects, where
only one or two plant species were dominant, sampling was restricted to those that allowed the
collection of ten replicates per plant species [31].
In this study, we focused on the insect groups that feed on plants either by sucking sap or
by chewing leaves due to their ecological importance, easy sampling and well-known taxon-
omy in Azores. The other groups of phytophagous insects, such as leaf-miners and gall-induc-
ers, were ignored as adequate sampling of these groups would require the application of
additional sampling techniques and their identification is much more difficult due to the low
knowledge on their biodiversity in Azores and the limited availability of taxonomic experts.
The sampling design allowed the collection of 1,250 individual samples from the five native
forest fragments of Terceira. The samples are unevenly distributed by target plant species due
to differences in species composition and relative abundance between transects and forest frag-
ments (S1 Table). The samples were taken to the lab, where the insect specimens were sorted
under the stereomicroscope and identified to species level whenever possible. All specimens
are deposited in the “Dalberto Teixeira Pombo entomological collection” of the University of
Azores (Angra do Heroı´smo, Terceira, Azores).
The insect species were subsequently classified in distributional groups (endemic, native
non-endemic, introduced or unknown). Morphospecies were classified considering the status
of their close relatives in Azores or as unknown if information lacked (following the criteria
adopted by Borges et al. [35]).
For each insect herbivore species, we gathered information on 23 trait attributes grouped in
nine functional traits related to morphology, resource-use and dispersal. We collected infor-
mation on body size, body shape, leg size and body toughness following the study of specimens
under the stereomicroscope. The data on species locomotion, camouflage, period of activity,
mode of ingestion and dispersal ability was recorded during fieldwork, collected from the liter-
ature [57–59] or obtained from experts. For morphospecies some traits were collected directly
from specimens, but others were assigned considering the available information for close
Plant-herbivore associations from a remote oceanic island
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relatives (e.g. congeneric species). A detailed description of the nine functional traits along
with their ecological relevance is given in Table 1.
Data analysis
Taxonomic and functional alpha diversity. For each plant species, we pooled the data on
insects of the sampled individuals per transect and this was considered our unit of analysis.
The first set of analyses aimed to test how phytophagous insects’ TD and FD differed between
the five study plants. TD was assessed by the second-order Jackknife species richness estimator
(Jack2) while species evenness was calculated using the Smith and Wilson’s index on log-trans-
formed abundance data [60]. Insect herbivore species richness completeness of each study
plant was assessed from the ratio of observed species richness to the values obtained from
Jack2 richness estimator using the correction proposed by Lopez et al. [61]. Then, we assessed
the differences on species richness completeness of the five study plants using a non-paramet-
ric Kruskal-Wallis one-way analysis of variance.
Preliminary to FD computation, we built the matrix of functional dissimilarity between spe-
cies using the extension of the Gower’s distance which accommodates different types of vari-
ables [62]. Then, we measured the correlations between each pair of traits in order to estimate
the level of redundancy in our functional information using Kendall rank correlations between
every possible pair of distance matrices. Finally, to estimate the contributions of each trait to
the global Gower’s distance, we applied the method proposed by Pavoine et al. [62].
Taking in consideration that FD comprises different facets of the variation in traits which
together give a more complete picture of biodiversity [63], we calculated the following four FD
metrics: functional richness, functional evenness, functional originality and functional special-
ization. Functional richness was assessed using a dendrogram-based approach whereby the
unweighted pair group method with arithmetic mean (UPGMA) was used as the clustering
algorithm [64] and was obtained from the sum of the length of all the branches required to
connect all species in the community. True functional richness was subsequently estimated
using the Jack2 estimator [65]. Functional evenness was assessed using the RU index [66].
Functional originality and functional specialization (sensu [67]) were also computed, but since
Table 1. Functional traits used in the study and their ecological relevance. The data type of each trait variable is indicated jointly with the attributes. The ecological rele-
vance of the selected traits is mentioned in several references ([47,51,59] and references therein).
Traits Data type Attributes Ecological relevance
Body size Continuous Absolute body length in
mm
Body size is related to life-history traits such as growth rate, clutch size and life span
Body shape Multichoice
nominal
Elongate, oval or long Body shape is related to life-history traits associated with foraging and survival
Body toughness Ordinal Soft (1), medium (2) or
hard (3)
Body toughness is related to life-history traits related with predation susceptibility
Leg size Ordinal Short (1), medium (2) or
long (3)
Leg size is related with foraging activity
Locomotion Ordinal Walk (1), jump (2) or fly
(3)
Locomotion is related with foraging activity
Camouflage Binary Yes (1) or no (0) Camouflage is related with predation avoidance
Period of
activity
Multichoice
nominal
Day, night or twilight Period of activity is related to life-history traits associated with the feeding ecology, predator
avoidance and competitive interactions
Mode of
ingestion
Nominal Chewer or piercer The feeding strategy is related to life-history traits associated with host plant use
Dispersal ability Ordinal Low (1), medium (2) or
high (3)
Dispersal ability was based on wing development and influences foraging activity and colonisation
potential
https://doi.org/10.1371/journal.pone.0219493.t001
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they are species-based measures, we derived a community-based measure of both metrics by
calculating the abundance weighted average of the functional originality/specialization values
of the species present in a given community.
To test whether TD and FD metrics differ between plants, we applied Linear Mixed Model
analyses (LMMs) with plant species as a fixed effect and transects nested within forest frag-
ments as a random effect to account for potential spatial effects and pseudo-replication. We
quantified the effect of plant species using Magee’s pseudo-R2 [68]. When the overall LMM
was statistically significant, the Tukey’s post-hoc test was used to identify statistically signifi-
cant pairwise differences between plants. To test the presence of functional assembly patterns
across the five study plants, we compared the observed values of FD to a random distribution
under the null hypothesis of no association between plants and traits. Therefore, we generated
999 null communities using the Independent Swap algorithm [69], which is known to mini-
mize Type I error and has high power to detect trait-based processes in situations where multi-
ple traits are involved [70]. To measure deviations from the null expectations for each value,
we computed the standardized effect size (SES). We tested whether SES FD values for a given
plant species presented significant deviations from the null expectation (median = 0) using
one-sample Wilcoxon tests [71].
Taxonomic and functional beta-diversity decomposition analysis. To study the varia-
tion in the composition of phytophagous species assemblages within and between study plants,
we performed a beta diversity partition analysis considering that:
Tbtotal ¼ Tbrepl þ Tbrich
where Tβtotal represents the total variation in insect herbivore species composition between
assemblages, Tβrepl accounts for the variation due to species replacement, while Tβrich refers to
the absolute differences in species richness [72,73].
Similarly, a beta diversity partitioning analysis was performed to assess variation in trait
composition of insect herbivore assemblages within and between plant species. Using the func-
tional UPGMA dendrogram, we partitioned total functional β (Fβtotal) into its replacement
(Fβrepl) and richness differences (Fβrich) components following Cardoso et al. [74]. Both beta
diversity decompositions (Tβ and Fβ) were computed using the Jaccard’s dissimilarity index
and β measurements were weighted with log-transformed species abundances [65]. For Tβ
and Fβ and their respective replacement and richness components, we first tested whether
plant species had different variability in terms of species replacement and richness differences
using a multivariate homogeneity of groups dispersions analysis (PERMDISP) [75]. Signifi-
cance tests were performed with 999 permutations. When the overall PERMDISP was signifi-
cant, Tukey HSD post-hoc tests were performed to identify statistically significant pairwise
differences between plants. Subsequently, we conducted non-parametric permutational multi-
variate analyses of variance (PerMANOVA) to test for differences in species and trait composi-
tion between study plants [76] using permutation tests with 9999 iterations. When the overall
PerMANOVA was significant, post-hoc t tests were performed to identify statistically signifi-
cant pairwise differences between plants. Finally, Tβ and Fβ measures as well as their respective
richness and replacement components were analyzed visually using constrained analysis of
principal coordinates.
Association of insect herbivore species and their functional traits with host plants. We
assessed the occurrence of indicator herbivore species for each study plant using the indicator
value (IndVal) method [77]. This method is particularly useful since it combines information
on ecological specificity and fidelity. In a similar way, we also tested which insect trait attri-
butes were significantly associated with the study plant species using the point-biserial
Plant-herbivore associations from a remote oceanic island
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correlation coefficient (rpb) [78]. Point-biserial correlation coefficients were quantified on the
community-weighted means (CWM) and computed separately for each trait. Multi-choice
nominal traits and nominal traits were dummy-transformed to as many binary variables as
there were trait attributes and were handled as quantitative variables [79]. For both IndVal and
rpb, a permutation test (N = 9999) was used to determine whether particular species or traits
were significantly associated with a given plant species under the null hypothesis of no rela-
tionship. All statistical analyses were implemented within the R programming environment
[80] using the packages indicspecies [78], vegan [81], nlme [82] and BAT [65].
Results
We sampled over ten thousand specimens from 62 species/morphospecies, particularly Hemi-
ptera, Lepidoptera and Coleoptera (S2 Table). The first two insect orders were also the most
represented in terms of species abundance, accounting for 97% of all collected specimens. The
majority of the insect species sampled in Azorean trees is endemic or native non-endemic to
the archipelago (67.7%) and introduced species are poorly represented in terms of species
abundance (5.1%) (S3 Table).
Sampling completeness and trait collinearity
Sampling completeness values are presented in S1 Fig. Average completeness values of insect
herbivore species richness were in general high with small differences between plants
(H = 10.85, P = 0.028, see S1 Fig). Therefore, we re-ran all our analyses (except species and
functional richness estimation with Jack2) using rarefied assemblage matrices to test the sensi-
tivity of our approach to the differences in completeness between sampling units. Since the
results remained unchanged, we only present and discuss the analyses implemented on the
original data. Trait collinearity was generally low. Only two traits, dispersal ability and period
of activity, were highly correlated (S4 Table). The contribution of each trait to the global
Gower functional distance matrix ranged from 0.33 for body toughness to 0.65 for the mode of
ingestion.
Patterns of taxonomic and functional alpha diversity
Insect species and trait richness did not differ between plants, but significant differences were
found in species and trait evenness and in functional originality and specialization (Fig 1,
Table 2). Erica azorica stands out by presenting a very characteristic assemblage of herbivores
with low balanced distributions of species and traits, low functional originality and high spe-
cialization (Fig 1). Minor but significant differences were also detected between the other
study plants, particularly between L. azorica and J. brevifolia, with the former having lower
functional originality and higher specialization than the latter. We found significant deviations
from the null expectations for the four functional diversity metrics, suggesting the presence of
non-random community assembly patterns across plant species (S5 Table). For instance, both
J. brevifolia and V. cylindraceum displayed higher functional evenness than expected by chance
(SES = 0.394 and 0.615, respectively; Wilcoxon test, P = 0.005 for both), J. brevifolia displayed
higher functional originality (SES = 0.646, P<0.001) but lower functional specialization than
expected by chance (SES = -0.582, P<0.001). In contrast, E. azorica showed lower functional
originality (SES = -1.282, P<0.001) but higher functional specialization (SES = 0.973,
P<0.001).
Plant-herbivore associations from a remote oceanic island
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Patterns of taxonomic and functional beta diversity
Taxonomic beta diversity of insect herbivores was high both between (Tβtotal = 0.75) and
within (Tβtotal = 0.63) study plants (Fig 2, Table 3) and in both cases the major contribution
was due to the species replacement component (Tβrepl, Table 3). The values of functional beta
diversity of insect herbivores between and within study plants (Fβtotal = 0.56 and Fβtotal = 0.48
Fig 1. Taxonomic and functional diversity indices of insect herbivores associated with the different Azorean native forest trees. (A) Species richness estimated with
Jackknife2, (B) species evenness measured with the index Evar, (C) functional richness estimated with Jackknife 2 (D) functional evenness measured with the index RU,
(E) functional originality and (F) functional specialization. Significant differences of the diversity metrics between study plants were evaluated by linear mixed models
followed by Tukey HSD tests. Study plants names were abbreviated to genus. Different letters associated with study plant names mean that they are significantly
different from each other for that specific diversity metric.
https://doi.org/10.1371/journal.pone.0219493.g001
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respectively) were lower than the corresponding taxonomic ones, with differences in trait rich-
ness being the most important component of beta diversity (Fβrich, Table 3). For all beta diver-
sity measures, PERMDISP analysis did not show significant differences in the amount of
variability of herbivore species and trait composition between plant species except for Fβrepl
(S6 Table), where differences were observed between E. azorica and I. perado (Tukey HSD,
P = 0.011). However, all PerMANOVA performed for each beta-metric were significant (all
p<0.001, Table 4) indicating a clear overall difference in insect herbivore and trait composi-
tion between plants, with the highest R2 found for both Tβrepl and Fβrepl. Specifically, for Tβrepl
and Fβrepl, post-hoc t tests revealed that all plant species were significantly different from each
other suggesting a significant replacement of herbivore species and traits between plants
(P<0.05, S7 Table). This pattern was particularly evident for E. azorica and J. brevifolia, with
both presenting very characteristic compositions of both insect herbivore species (Tβ) and
functional traits (Fβ) (Fig 2).
Association between insect herbivore species and functional traits with
host plants
Thirteen phytophagous taxa were found to be significantly associated (i.e. indicator species)
with the study plant species (Fig 3). Twelve indicator species were significantly and exclusively
associated with single host plant species: seven insect herbivores were associated with E. azor-
ica, three with J. brevifolia and two with I. perado. No insect herbivore species were found to
be exclusively associated with L. azorica or V. cylindraceum, but these plants shared one indi-
cator species, the sap-sucking psyllid Trioza laurisilvae. The indicator analysis for functional
traits expressed as CWMs revealed that twelve traits or trait attributes were significantly associ-
ated with one or a combination of the five study plants (Fig 3). Chewers, large bodied species
and species with elongated shape were significantly and exclusively associated with E. azorica,
while night and twilight active species were exclusively associated with I. perado. Seven other
traits or trait attributes were significantly associated with more than one plant species (Fig 3).
Discussion
In this study, we investigated patterns of α and β taxonomic and functional diversity of insect
herbivore assemblages from five dominant tree species of Azorean native forests. Although
being widely recognized the key role played by insect herbivore species in the ecological and
evolutionary dynamics of ecosystems [83], there are still few trait-based studies on this animal
group on most ecosystems, particularly in oceanic islands.
Table 2. Results of the linear mixed models analyses on the differences in the taxonomic and functional alpha diversity metrics of insect herbivores between the five
study plant species.
Diversity metrics df F P R2
Taxonomic diversity Species richness (Jack2) 4,65 0.439 0.7797 0.04
Species evenness 4,65 2.881 0.0293 0.10
Functional diversity Functional richness (Jack2) 4,65 0.336 0.8525 0.13
Functional evenness 4,65 6.184 <0.0001 0.19
Functional originality 4,65 13.874 <0.0001 0.34
Functional specialization 4,65 19.908 <0.0001 0.42
Degrees of freedom (df), F-statistics (F), associated p-values (P) and the Magee’s R2 are shown.
https://doi.org/10.1371/journal.pone.0219493.t002
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Patterns of taxonomic and functional alpha diversity
Our findings did not reveal significant differences in taxonomic and functional richness of
insect herbivores between the five study plant species. However, the insect herbivore assem-
blage associated with E. azorica differed markedly from those of the other study plants by
being taxonomically and functionally uneven. Erica azorica also differed from the other study
plants by hosting an insect herbivore assemblage with lower functional originality and higher
functional specialization. This finding unveils a degree of apparent functional redundancy in
the insect herbivore assemblage of E. azorica with species being functionally similar to each
other (i.e. low originality), but altogether occupying a very distinct portion of the functional
Fig 2. Two-dimensional ordination based on the constrained analyses of principal coordinates for taxonomic (A, B) and functional (C, D) beta diversity. (A)
Tβtotal measured with Jaccard index; (B) Tβrepl, the component of Tβtotal that is due to species replacement between sites; (C) Fβtotal measured with Jaccard index
incorporating branch lengths of the functional dendrogram and; (D) Fβrepl, the component of Fβtotal that is due to trait replacement between sites.
https://doi.org/10.1371/journal.pone.0219493.g002
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space far from the centroid (i.e. high functional specialization). The results of the null model
approach corroborated these findings by showing that functional originality was lower than
expected by chance while functional specialization was higher than expected by chance. Con-
sequently, it seems that the insect herbivore assemblage of E. azorica has been filtered out
towards a specific functional profile, probably driven by the unique leaf morphology and
architecture of the plant jointly with the influence of other factors (e.g. ecological and historical
factors). The analysis of indicator traits (see section below) reinforced this finding by showing
that the insect herbivore assemblage of E. azorica was specifically dominated by large bodied
species with long shape and chewer feeding habits (e.g. caterpillars), differing markedly from
the insect herbivore assemblages of the other study plants. Despite unrelated phylogenetically,
the other study plants hosted insect herbivore assemblages that differed less between them in
the taxonomic and functional diversity metrics. Three out of these four plant species show
morphological and architectural affinities (see S1 Appendix) and they even shared a number
of insect herbivores species, like the bugs Cixius azoterceirae and Cyphopterum adcendens.
The other plant species, J. brevifolia, has small leaves and a more complex architecture
resembling E. azorica, but the associated insect herbivore assemblages of these two study plants
differed significantly in functional originality and functional specialization. A possible expla-
nation for those differences may be due to the much higher abundance of spiders found in J.
brevifolia [32] which leads to higher predation risk on this plant, particularly for less mobile
and soft-bodied insects. In fact, the prevalence of caterpillars on E. azorica as reported in this
study may be a response to the enemy free space provided by this host plant, which has
strongly influenced the results of functional specialization. However, we should not rule out
the probability that the defense chemicals of E. azorica may have also played an important role
Table 3. Taxonomic and functional beta diversity of insect herbivores within and between study plant species.
Beta metrics Between plant species Within plant species
Taxonomic diversity Tβtotal 0.75 ± 0.04 0.63 ± 0.04
Tβrepl 0.44 ± 0.04 0.35 ± 0.04
Tβrich 0.31 ± 0.05 0.29 ± 0.03
Functional diversity Fβtotal 0.56 ± 0.05 0.48 ± 0.04
Fβrepl 0.21 ± 0.01 0.17 ± 0.03
Fβrich 0.35 ± 0.05 0.31 ± 0.03
The results (mean ± SD) are presented for total taxonomic and functional beta diversity, showing also the contribution of the respective replacement and richness
components.
https://doi.org/10.1371/journal.pone.0219493.t003
Table 4. Results of the constrained analysis of principal coordinates (CAPSCALE) testing for differences in insect herbivore taxonomic and functional composition
between study plant species.
Beta diversity metrics df F P R2
Taxonomic diversity Tβtotal 4,65 8.519 0.001 0.221
Tβrepl 4,65 9.169 0.001 0.285
Tβrich 4,65 2.490 0.022 0.044
Functional diversity Fβtotal 4,65 7.602 0.001 0.176
Fβrepl 4,65 8.798 0.001 0.269
Fβrich 4,65 4.770 0.002 0.096
The results are presented for total taxonomic and functional beta diversity and their respective replacement and richness components. Degrees of freedom (df), F-
statistics (F), associated p-values (P) and the R2 are shown.
https://doi.org/10.1371/journal.pone.0219493.t004
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as a driver of the insect herbivore assemblage. Plant chemistry can have profound bottom-up
effects by influencing directly and/or indirectly the interactions with herbivores and their nat-
ural enemies as has been shown in many studies (e.g. [44–46,84–86]).Thus, further experimen-
tal studies considering the interspecific differences in plant chemistry are crucial for the
understanding of the assembly of Azorean herbivore communities.
Patterns of taxonomic and functional beta diversity
The taxonomic differences in insect herbivore assemblages between study plants were signifi-
cant and mostly due to species replacement, not species richness differences (Fig 2, Table 4).
Pairwise comparisons between plant species revealed a clear shift in the taxonomic composi-
tion with species replacement being highly significant between all plant species and even phy-
logenetically related plant species (i.e. the confamilial E. azorica and V. cylindraceum) showed
very distinct herbivore assemblages (Fig 2, S7 Table). This finding is interesting since recent
studies have warned for the progressive biotic homogenization witnessed in the Azores as a
consequence of species introductions and native species loss due to forest destruction and frag-
mentation [87]. However, contrary to the findings on the epigean arthropod assemblages, the
insect herbivore assemblages from the native forest canopies seem more resistant to human-
driven impacts probably due to plant-mediated competitive interactions and/or habitat filter-
ing effects [31,32,88,89]. A similar pattern was reported in a recent study [41] where the spider
Fig 3. Insect herbivore and functional trait/attribute indicators for the five study plants. The order (Lep = Lepidoptera, Hem = Hemiptera and
Coleo = Coleoptera) and the biogeographical origin (E = endemic, N = native non-endemic, I = introduced and U = Unknown) of each herbivore
species/morphospecies is indicated. Functional traits and attributes were computed as CWM before analysis. Associations between plants and
herbivore species were assessed using the IndVal index while the associations between plants and insect herbivore functional traits/attributes were
evaluated with the point-biserial correlation coefficient rbp. Significant positive associations (using coloured squares) between host plants and insect
herbivore species and traits are shown jointly with the significances of the results from permutation tests (P-value).
https://doi.org/10.1371/journal.pone.0219493.g003
Plant-herbivore associations from a remote oceanic island
PLOS ONE | https://doi.org/10.1371/journal.pone.0219493 July 15, 2019 12 / 20
assemblages of native forest canopies were found to be largely dominated by indigenous spe-
cies suggesting that these habitats may act as effective barriers for the colonization by exotic
species.
In contrast to taxonomic β diversity, we found that trait replacement was twice lower than
species replacement within and between plant species. Moreover, the contribution of trait
replacement to the total functional β diversity was also much lower than the contribution of
trait richness differences, irrespectively of plant species identity. This is a common pattern in
many ecological studies as species performing similar functions replace each other between
sites or time periods, reflecting a dynamic system where several functionally identical species
may dominate at any point in space or time (e.g. [74,90]). Nevertheless, trait replacement,
although low, was significant between all pairs of plant species highlighting the presence of a
substantial functional turnover between the Azorean tree species (S7 Table). This finding sug-
gests that trait filtering may operate between plant species driving trait-based assembly pro-
cesses of insect herbivores in the canopies of Azorean native forests.
Association between insect herbivore species and functional traits with
host plants
The indicator analysis showed that one to a few insect herbivore species and traits are signifi-
cantly associated with each study plant. Erica azorica was the plant species with a higher num-
ber of significantly and exclusively associated insect herbivores (seven species, 11% of the total
sampled in E. azorica). Interestingly, four out of the seven species are endemics, including two
caterpillars, Argyresthia atlanticella and Cyclophora azorensis, that are known to spend most of
their development on E. azorica and to be responsible for substantial architectural damage in
their crowns [88–91]. Trait indicator analysis for E. azorica identified trait attributes related
with insect body form (long), size (big) and feeding mode (chewing), matching the findings of
indicator species for this plant and being very distinct from insect attributes found in the other
study plants.
Despite unrelated phylogenetically, I. perado, L. azorica and V. cylindraceum have more
similar architecture and leaf form. In these plants, the characteristic insect herbivores were
long-legged piercing bugs, but very few insect species were significantly associated with them.
The native non-endemic bugs Cinara juniperi and Trioza laurisilvae are specialist species
known to be associated with Juniperus species across Europe (the former) or to the Macarone-
sian Laurus species (the latter) and in Terceira native forests they exhibited the same host pref-
erence. Some insect herbivore traits associated with I. perado were shared with other study
plants (e.g., long-legged, piercing) while others were exclusive to this plant (night and twilight
activity) and matched the ecology of the two indicator species: the endemic weevil Calacalles
subcarinatus and the introduced moth Rhopobota naevana. Night activity by insect herbivores
is a functional trait commonly associated with predator avoidance since nocturnal foraging
minimizes the probability of detection by many predators [92,93]. This behaviour is particu-
larly important for insect herbivores feeding on plants with open canopy and large leaves (like
I. perado) to avoid being exposed to predators during day-time and is frequently coupled with
other predator avoidance mechanisms, like risk-sensitive foraging and diel microhabitat shifts.
Interestingly, the insect herbivore assemblage of I. perado showed a high proportion of
introduced species (25.3%), contrasting markedly with the other study plants where intro-
duced species accounted for less than 1% (except for J. brevifolia that reached 6.2%) (S3 Table).
The introduced moth Rhopobota naevana, known to feed on holly (Ilex aquifolium) on its
native range, has established in Azores being now strongly associated (i.e. indicator species)
with the native congener I. perado. Host range expansion of phytophagous insects introduced
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in oceanic island ecosystems may become a serious conservation problem since the evolution-
ary change experienced by island plants (in traits related with resistance and defence) may ren-
der them to be highly susceptible to damage by alien herbivores. Nevertheless, considering our
findings, there is no evidence of a present threat posed by exotic herbivores to the biodiversity
and ecological processes on the Azorean native forest canopies.
Our findings showed that E. azorica (and to a less extent J. brevifolia) has a very distinct
insect herbivore assemblage with several characteristic species and traits while other endemic
trees, phylogenetically distinct but morphologically similar, shared several insect herbivore
species and traits. In fact, βTD and βFD analyses revealed substantial levels of taxonomic and
functional structure between study plants that, jointly with the indicator analyses, highlighted
the distinctiveness of the insect herbivore assemblage of E. azorica. The other endemic trees
(e.g. I. perado, L. azorica and V. cylindraceum) shared several native insect herbivore species
which are known to have a wider trophic spectrum. Previous studies showed that generalist
species are usually better represented on insect-plant interactions in island ecosystems when
compared with the mainland ones [94,95]. For example, the prevalence of generalist pollina-
tors on ecological networks has been reported from several Azorean islands [94,96,97] and
similar findings were found for the insect herbivore assemblages associated with several plants
across the archipelago [31,32]. These ecological patterns result from the poor dispersal capacity
of some groups of insects, which seriously limits their probability of successfully colonizing
oceanic islands. Consequently, in remote oceanic islands (like Terceira) the species poor
assemblages of some insect groups experience the relaxation of interspecific competitive inter-
actions and density compensation effects [94,95]. Furthermore, and specifically for insect her-
bivores, we also need to consider that low herbivory pressure during the early stages of plant
species colonization and establishment on the islands may have favoured lower allocation of
resources for secondary defences that might have benefited some herbivore species with wider
trophic spectrum [98]. So, the low number of specialist herbivores in most of our study plants
seems to reflect the remoteness and young geological age of Azorean islands and was likely
aggravated during the last few decades by the severe habitat destruction that took place in the
archipelago following human colonization. Specialist species are known to be more vulnerable
to disturbance effects than generalists and are usually less able to survive in small habitat frag-
ments subjected to frequent disturbance and encroachment by introduced species (e.g. [99]).
In Azores, several large-bodied specialist species went extinct during the last century [100] and
other endemic specialist species (including phytophagous beetles from genus Drouetius) are
on the brink of extinction being considered conservation priorities [52,101,102].
Our analytical approach allowed us to tease out the relative contributions of the taxonomic
and functional components involved in the trophic association between insect herbivores and
their host plants, providing insights on the role of key species and traits that underlie an
important ecosystem process. Additional research on the interactions between Azorean plants
and their associated herbivores, particularly targeting the role of plant morphology, phylogeny
and chemical ecology as drivers of species associations [44–46,103], is needed to further our
understanding on the assembly of island communities.
Supporting information
S1 Fig. Differences in inventory completeness of the insect herbivores associated with the
five study plants.
(DOCX)
Plant-herbivore associations from a remote oceanic island
PLOS ONE | https://doi.org/10.1371/journal.pone.0219493 July 15, 2019 14 / 20
S1 Table. Number of samples of each plant species collected in the different transects from
the five native forest fragments in Terceira Island.
(DOCX)
S2 Table. Abundance of the insect species/morphospecies from different taxonomic groups
on the five study plants. The reference number (Code) of voucher specimens deposited in the
“Dalberto Teixeira Pombo entomological collection” of the University of Azores is also indi-
cated.
(DOCX)
S3 Table. Number of endemic, native non-endemic and introduced insect herbivore species
and specimens found in the five study plant species from the Azorean native forests.
(DOCX)
S4 Table. Pairwise Pearson correlations between pairs of traits.
(DOCX)
S5 Table. Mean deviations from the null expectations for the four functional diversity met-
rics for each study plant.
(DOCX)
S6 Table. Results of the analysis of multivariate homogeneity of group dispersion (PERM-
DISP) performed on taxonomic and functional beta diversity of insect herbivores.
(DOCX)
S7 Table. Results of the post-hoc t tests of the significant PERMANOVAs testing for differ-
ences in taxonomic and functional beta diversity between plants.
(DOCX)
S1 Appendix. The study plants. Brief description and illustration of the study species.
(DOCX)
Acknowledgments
The authors want to thank all the people involved in the project “Biodiversity of Arthropods
from the Laurisilva of the Azores” (BALA) (PROJ. 17.01_080203) during field and laboratorial
work, particularly Clara Gaspar, Fernando Pereira and Isabel Amorim. We are also thankful to
Clara Gaspar for providing information on insect functional traits.
Author Contributions
Conceptualization: Carla Rego, Ma´rio Boieiro, Franc¸ois Rigal, Se´rvio P. Ribeiro, Paulo A. V.
Borges.
Data curation: Paulo A. V. Borges.
Formal analysis: Carla Rego, Ma´rio Boieiro, Franc¸ois Rigal, Pedro Cardoso.
Funding acquisition: Carla Rego, Ma´rio Boieiro, Paulo A. V. Borges.
Project administration: Paulo A. V. Borges.
Resources: Paulo A. V. Borges.
Writing – original draft: Carla Rego, Ma´rio Boieiro, Franc¸ois Rigal, Paulo A. V. Borges.
Writing – review & editing: Carla Rego, Ma´rio Boieiro, Franc¸ois Rigal, Se´rvio P. Ribeiro,
Pedro Cardoso, Paulo A. V. Borges.
Plant-herbivore associations from a remote oceanic island
PLOS ONE | https://doi.org/10.1371/journal.pone.0219493 July 15, 2019 15 / 20
References
1. Kraft NJ, Cornwell WK, Webb CO, Ackerly DD. Trait evolution, community assembly, and the phyloge-
netic structure of ecological communities. Am Nat. 2007; 170: 271–283. https://doi.org/10.1086/
519400 PMID: 17874377
2. Swenson NG. Phylogenetic beta diversity metrics, trait evolution and inferring the functional beta
diversity of communities. PLoS ONE. 2011; 6: e21264. https://doi.org/10.1371/journal.pone.0021264
PMID: 21731685
3. Concostrina-Zubiri L, Pescador DS, Martı´nez I, Escudero A. Climate and small scale factors determine
functional diversity shifts of biological soil crusts in Iberian drylands. Biodivers Conserv. 2014; 23:
1757–1770.
4. Mason NW, Mouillot D, Lee WG, Wilson JB. Functional richness, functional evenness and functional
divergence: the primary components of functional diversity. Oikos. 2005; 111: 112–118.
5. Mouillot D, Ville´ger S, Scherer-Lorenzen M, Mason NWH. Functional structure of biological communi-
ties predicts ecosystem multifunctionality. PLOS ONE. 2011; 6: e17476. https://doi.org/10.1371/
journal.pone.0017476 PMID: 21423747
6. Violle C, Navas ML, Vile D, Kazakou E, Fortunel C, et al. Let the concept of trait be functional! Oikos.
2007; 116: 882–892.
7. Magurran AE. Measuring biological diversity. Oxford: Blackwell Publishing; 2004.
8. Gagic V, Bartomeus I, Jonsson T, Taylor A, Winqvist C, Fischer C, et al. Functional identity and diver-
sity of animals predict ecosystem functioning better than species-based indices. Proc R Soc Lond B.
2015; 282: 20142620.
9. Mokany K, Ash J, Roxburgh S. Functional identity is more important than diversity in influencing eco-
system processes in a temperate native grassland. J Ecol. 2008; 96: 884–893.
10. de Bello F, Lavorel S, Dıaz S, Harrington R, Cornelissen JHC, Bardgett RD, et al. Towards an assess-
ment of multiple ecosystem processes and services via functional traits. Biodivers Conserv. 2010; 19:
2873–2893.
11. Diaz S, Lavorel S, McIntyre S, Falczuk V, Casanoves F, Milchunas DG, et al. Plant trait responses to
grazing–a global synthesis. Glob Change Biol. 2007; 13: 313–341.
12. Olff H, Ritchie ME. Effects of herbivores on grassland plant diversity. Trends Ecol Evol. 1998; 13:
261–265. PMID: 21238294
13. Belovsky GE, Slade JB. Insect herbivory accelerates nutrient cycling and increases plant production.
Proc Nat Acad Sci. 2000; 97: 14412–14417. https://doi.org/10.1073/pnas.250483797 PMID:
11106378
14. Allan E, Crawley MJ. Contrasting effects of insect and molluscan herbivores on plant diversity in a
long-term field experiment. Ecol Lett. 2011; 14: 1246–1253. https://doi.org/10.1111/j.1461-0248.
2011.01694.x PMID: 22017580
15. Neves FS, Sperber CF, Ricardo I, Soares CJP, Ribeiro SP. Contrasting effects of sampling scale on
insect herbivores distribution in response to canopy structure. Rev Biol Trop. 2013; 61: 125–137.
PMID: 23894967
16. Sosnovsky Y. Host preference of herbivorous arthropods feeding on Ficus (Moraceae) grown ex situ
in Ukraine. Environ Exp Biol. 2013; 11: 205–214.
17. Ca´rdenas RE, Valencia R, Kraft NJB, Argoti A, Dangles O. Plant traits predict inter- and intraspecific
variation in susceptibility to herbivory in a hyperdiverse Neotropical rain forest tree community. J Ecol.
2014; 102: 939–952. https://doi.org/10.1111/1365-2745.12255
18. Metcalfe DB, Asner GP, Martin RE, Espejo JES, et al. Herbivory makes major contributions to ecosys-
tem carbon and nutrient cycling in tropical forests. Ecol Lett. 2014; 17: 324–332. https://doi.org/10.
1111/ele.12233 PMID: 24372865
19. Basset Y, Cizek L, Cuenoud P, Didham RK, Novotny V, odegaard F, et al. Arthropod distribution in a
tropical rainforest: tackling a four dimensional puzzle. PLOS ONE. 2015; 10: e0144110. https://doi.
org/10.1371/journal.pone.0144110 PMID: 26633187
20. Cripps MG, Jackman SD, Rosta´s M, Van Koten C, Bourdoˆt GW. Leaf traits of congeneric host plants
explain differences in performance of a specialist herbivore. Ecol Entomol. 2015; 40: 237–246. https://
doi.org/10.1007/s11258-014-0328-9
21. Lourenc¸o GM, Campos RBF, Ribeiro SP. Spatial distribution of insect guilds in a tropical montane rain-
forest: effects of canopy structure and numerically dominant ants. Arthropod-Plant Inte. 2015; 9: 163–
174.
22. Ribeiro SP, Basset Y. Effects of sclerophylly and host choice on gall densities and herbivory distribu-
tion in an Australian subtropical forest. Austral Ecol. 2016; 41: 219–226.
Plant-herbivore associations from a remote oceanic island
PLOS ONE | https://doi.org/10.1371/journal.pone.0219493 July 15, 2019 16 / 20
23. Ribeiro SP, Londe V, Bueno A, Barbosa JS, Corrêa TL, Soeltl T, et al. Plant defense against leaf her-
bivory based on metal accumulation: examples from a tropical high altitude ecosystem. Plant Spec
Biol. 2017; 32: 147–155.
24. Borges PAV, Brown VK. Phytophagous insects and web-building spiders in relation to pasture vegeta-
tion complexity. Ecography. 2001; 24: 68–82.
25. Borges PAV, Brown VK. Arthropod community structure in pastures of an island archipelago (Azores):
looking for local-regional species richness patterns at small-scales. B Entomol Res. 2004; 94: 111–
121.
26. Percy DM. Insect-plant interactions on islands: codiversification of legume-feeding psyllids (Psylloi-
dea) and their Fabaceae hosts. In: Serrano ARM, Borges PAV, Boieiro M, Oromı´ P, editors. Terrestrial
arthropods of Macaronesia: biodiversity, ecology and evolution. Lisboa: Sociedade Portuguesa de
Entomologia; 2010. pp. 285–307.
27. Warren BH, Simberloff D, Ricklefs RE, Aguile´e R, Condamine FL, Gravel D, et al. Islands as model
systems in ecology and evolution: prospects fifty years after MacArthur-Wilson. Ecol Lett. 2015; 18:
200–217. https://doi.org/10.1111/ele.12398 PMID: 25560682
28. Patiño J, Whittaker RJ, Borges PAV, Ferna´ndez-Palacios JM, Ah-Peng C, Arau´jo M, et al. A roadmap
for island biology: 50 fundamental questions after 50 years of The Theory of Island Biogeography. J
Biogeogr. 2017; 44: 963–983.
29. Schowalter TD. Invertebrate community structure and herbivory in a tropical rain forest canopy in
Puerto Rico following hurricane Hugo. Biotropica. 1994; 26: 312–319.
30. Schowalter TD, Ganio LM. Invertebrate communities in a tropical rain forest canopy in Puerto Rico fol-
lowing hurricane Hugo. Ecol Entomol. 1999; 24: 191–201.
31. Ribeiro SP, Borges PAV, Gaspar C, Melo C, Serrano ARM, Amaral J, et al. Canopy insect herbivores
in the Azorean Laurisilva forests: key host plant species in a highly generalist insect community. Eco-
graphy. 2005; 28: 315–330.
32. Ribeiro SP, Borges PAV. Canopy habitat area effect on the arthropod species densities in the Azores:
pondering the contribution of tourist species and other life histories. In: Serrano ARM, Borges PAV,
Boieiro M, Oromı´ P, editors. Terrestrial arthropods of Macaronesia. Biodiversity, ecology and evolu-
tion. Lisboa: Sociedade Portuguesa de Entomologia; 2010. pp. 89–114.
33. Whittaker RJ, Ferna´ndez-Palacios JM. Island biogeography: ecology, evolution, and conservation.
Oxford: Oxford University Press; 2007.
34. Whittaker R, Rigal F, Borges PAV, Cardoso P, Terzopoulou S, Casanoves F, et al. Functional bioge-
ography of oceanic islands and the scaling of functional diversity in the Azores. Proc Nat Acad Sci.
2014; 111: 13709–13714. https://doi.org/10.1073/pnas.1218036111 PMID: 25225395
35. Borges PAV, Costa A, Cunha R, Gabriel R, Gonc¸alves V, Martins AF, et al. A list of the terrestrial and
marine biota from the Azores. Cascais: Princı´pia; 2010.
36. Borges PAV, Hortal J. Time, area and isolation: factors driving the diversification of Azorean arthro-
pods. J Biogeogr. 2009; 36: 178–191.
37. Triantis K, Hortal J, Amorim I, Cardoso P, Santos AMC, Gabriel R, et al. Resolving the Azorean knot: a
response to Carine & Schaefer (2010). J Biogeogr. 2012; 39: 1179–1184.
38. Boieiro M, Matthews TJ, Rego C, Crespo L, Aguiar CAS, Cardoso P, et al. A comparative analysis of
terrestrial arthropod assemblages from a relict forest unveils historical extinctions and colonization dif-
ferences between two oceanic islands. PLOS ONE. 2018; 13(4): e0195492. https://doi.org/10.1371/
journal.pone.0195492 PMID: 29694360
39. Borges PAV, Wunderlich J. Spider biodiversity patterns and their conservation in the Azorean archipel-
ago, with description of new taxa. Syst Biodivers. 2008; 6: 249–282. https://doi.org/10.1017/
S1477200008002648
40. Nunes R, Gabriel R, Elias RB, Rigal F, Soares AO, Cardoso P, et al. Arthropods and other biota asso-
ciated with Azorean trees and shrubs: Juniperus brevifolia. Arquipe´lago Life and Marine Sciences.
2015; 32: 19–48.
41. Florencio M, Rigal F, Borges PAV, Cardoso P, Santos AMC, Lobo JM. The role of plant fidelity and
land-use changes on island exotic and indigenous canopy spiders at local and regional scales. Biol
Invasions. 2016; 18: 2309–2324
42. Dyer LA, Singer MS, Lill JT, Stireman JO III, Gentry GL, Marquis RJ, et al. Host specificity of Lepidop-
tera in tropical and temperate forests. Nature. 2007; 448: 696–699. https://doi.org/10.1038/
nature05884 PMID: 17687325
43. Lankau RA, Strauss SY. Community complexity drives patterns of natural selection on a chemical
defense of Brassica nigra. Am Nat. 2008; 171: 150–161 https://doi.org/10.1086/524959 PMID:
18197768
Plant-herbivore associations from a remote oceanic island
PLOS ONE | https://doi.org/10.1371/journal.pone.0219493 July 15, 2019 17 / 20
44. Richards LA, Dyer LA, Forister ML, et al. Phytochemical diversity drives plant-insect community diver-
sity. Proc Natl Acad Sci USA. 2015; 112: 10973–10978. https://doi.org/10.1073/pnas.1504977112
PMID: 26283384
45. Salazar D, Jaramillo A, Marquis RJ. The impact of plant chemical diversity on plant-herbivore interac-
tions at the community level. Oecologia. 2016: 181: 1199–1208. https://doi.org/10.1007/s00442-016-
3629-y PMID: 27129320
46. Kessler A, Kalske A. Plant secondary metabolite diversity and species interactions. Annu Rev Ecol
Evol Syst. 2018; 49: 115–138.
47. Rigal F, Cardoso P, Lobo JM, Triantis KA, Whittaker RJ, Amorim IR, et al. Functional traits of indige-
nous and exotic ground-dwelling arthropods show contrasting responses to land-use change in an
oceanic island, Terceira, Azores. Divers Distrib. 2018; 24: 36–47.
48. Rego C, Boieiro M, Vieira V, Borges PAV. The biodiversity of terrestrial arthropods in Azores. Proyecto
S.E.A. Ibero Diversidad Entomolo´gica. Revista IDE@—SEA, 2015; 5b: 1–24.
49. Elias RB, Gil A, Silva L, Ferna´ndez-Palacios JM, Azevedo EB, Reis F. Natural zonal vegetation of the
Azores Islands: characterization and potential distribution. Phytocoenologia. 2016; 46: 107–123.
50. Ferna´ndez-Palacios JM, de Nascimento L, Otto R, Delgado JD, Garcı´a del Rey E, Are´valo JR, et al. A
reconstruction of Palaeo-Macaronesia, with particular reference to the long-term biogeography of the
Atlantic island laurel forests. J Biogeogr. 2011; 38: 226–246.
51. Gaspar C, Borges PAV, Gaston KJ. Diversity and distribution of arthropods in native forests of the
Azores archipelago. Arquipe´lago Life and Marine Sciences. 2008; 25: 1–30.
52. Triantis KA, Borges PAV, Ladle RJ, Hortal J, Cardoso P, Gaspar C, et al. Extinction debt on oceanic
islands. Ecography. 2010; 33: 285–294. https://doi.org/10.1111/j.1600-0587.2010.06203.x
53. Calado H, Lopes C, Porteiro J, Paramio L, Monteiro P. Legal and technical framework of Azorean Pro-
tected Areas. J Coastal Res. 2009; 56: 1179–1183.
54. Schaefer H. Flora of the Azores: a field guide. Weikersheim: Margraf Publishers; 2011.
55. IUCN/WCMC. Laurus azorica. The IUCN Red List of Threatened Species. 1998. http://dx.doi.org/10.
2305/IUCN.UK.1998.RLTS.T38397A10111656.en.
56. Thomas P. Juniperus brevifolia. The IUCN Red List of Threatened Species. 2013. http://dx.doi.org/10.
2305/IUCN.UK.2011-.RLTS.T30326A9536313.en.
57. Vieira V, Borges PAV. The entomological bibliography of the Azores. I—Thematic: general (mainly
Biogeography), Applied Entomology, Ecology and Biospeleology. Bol Mus Mun Funchal. 1993; 45: 5–
28.
58. Borges PAV, Vieira V. The entomological bibliography from the Azores. II—The taxa. Bol Mus Mun
Funchal. 1994; 46: 5–75.
59. Barnard PC. The Royal Entomological Society book of British insects. Oxford:. John Wiley & Sons;
2011.
60. Smith B, Wilson JB. A consumer’s guide to evenness indices. Oikos. 1996; 70–82.
61. Lopez LCS, Fracasso MPA, Mesquita DO, Palma ART, Riul P. The relationship between percentage
of singletons and sampling effort: a new approach to reduce the bias of richness estimates. Ecol Indic.
2012; 14: 164–169.
62. Pavoine S, Vallet J, Dufour AB, Gachet S, Daniel H. On the challenge of treating various types of vari-
ables: application for improving the measurement of functional diversity. Oikos. 2009; 118: 391–402.
https://doi.org/10.1111/j.1600-0706.2008.16668.x
63. Mouillot D, Mason WHN, Dumay O, Wilson JB. Functional regularity: a neglected aspect of functional
diversity. Oecologia, 2005; 142: 353–359. https://doi.org/10.1007/s00442-004-1744-7 PMID:
15655690
64. Petchey OL, Gaston KJ. Functional diversity (FD), species richness and community composition. Ecol
Lett. 2002; 5: 402–411. https://doi.org/10.1046/j.1461-0248.2002.00339.x
65. Cardoso P, Rigal F, Carvalho JC. BAT—Biodiversity Assessment Tools, an R package for the mea-
surement and estimation of alpha and beta taxon, phylogenetic and functional diversity. Methods Ecol
Evol. 2015; 6: 232–236. https://doi.org/10.1111/2041-210X.12310
66. Ricotta C, Bacaro G, Moretti M. A new measure of functional evenness and some of its properties.
PLOS ONE. 2014; 9(8): e104060. https://doi.org/10.1371/journal.pone.0104060 PMID: 25105659
67. Mouillot D, Graham NAJ, Villeger S, Mason NWH, Bellwood DR. A functional approach reveals com-
munity responses to disturbances. Trends Ecol Evol. 2013; 28: 167–177. https://doi.org/10.1016/j.
tree.2012.10.004 PMID: 23141923
68. Magee L. R2 measures based on Wald and likelihood ratio joint significance tests. Amer Stat. 1990;
44: 250–253.
Plant-herbivore associations from a remote oceanic island
PLOS ONE | https://doi.org/10.1371/journal.pone.0219493 July 15, 2019 18 / 20
69. Gotelli NJ, Graves GR. Null models in ecology. Washington DC: Smithsonian Institution Press; 1996.
70. Kembel SW. Disentangling niche and neutral influences on community assembly: assessing the per-
formance of community phylogenetic structure tests. Ecol Lett. 2009; 12: 949–960. https://doi.org/10.
1111/j.1461-0248.2009.01354.x PMID: 19702749
71. Swenson NG, Enquist BJ. Opposing assembly mechanisms in a Neotropical dry forest: implications
for phylogenetic and functional community ecology. Ecology. 2009; 90: 2161–2170. PMID: 19739378
72. Carvalho JC, Cardoso P, Gomes P. Determining the relative roles of species replacement and species
richness differences in generating beta-diversity patterns. Global Ecol Biogeogr. 2012; 21: 760–771.
https://doi.org/10.1111/j.1466-8238.2011.00694.x
73. Carvalho JC, Cardoso P, Borges PAV, Schmera D, Podani J. Measuring fractions of beta diversity
and their relationships to nestedness: a theoretical and empirical comparison of novel approaches.
Oikos. 2013; 122: 825–834.
74. Cardoso P, Rigal F, Carvalho JC, Fortelius M, Borges PAV, Podani J, et al. Partitioning taxon, phylo-
genetic and functional beta diversity into replacement and richness difference components. J Bio-
geogr. 2014; 41: 749–761.
75. Anderson MJ, Ellingsen KE, McArdle BH. Multivariate dispersion as a measure of beta diversity. Ecol
Lett. 2006; 9: 683–693. https://doi.org/10.1111/j.1461-0248.2006.00926.x PMID: 16706913
76. Anderson MJ. A new method for non-parametric multivariate analysis of variance. Austral Ecol. 2001;
26: 32–46.
77. Dufrêne M, Legendre P. Species assemblages and indicator species: the need for a flexible asymmet-
rical approach. Ecol Monogr. 1997; 67: 345–366.
78. De Ca´ceres MD, Legendre P. Associations between species and groups of sites: indices and statisti-
cal inference. Ecology. 2009; 90: 3566–3574. PMID: 20120823
79. Moretti M, Legg C. Combining plant and animal traits to assess community functional responses to dis-
turbance. Ecography. 2009; 32: 299–309.
80. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical
Computing, Vienna, Austria. 2017.
81. Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, et al. vegan: Community Ecology Pack-
age. R package version 2.0–8. 2013.
82. Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team. nlme: Linear and Nonlinear Mixed Effects
Models. R package version 3.1–117. 2014.
83. Agrawal AA, Hastings AP, Johnson MT, Maron JL, Salminen JP. Insect herbivores drive real-time eco-
logical and evolutionary change in plant populations. Science. 2012; 338(6103): 113–116. https://doi.
org/10.1126/science.1225977 PMID: 23042894
84. Stamp N. Enemy-free space via host plant chemistry and dispersion assessing the influence of tri-tro-
phic interactions. Oecologia. 2001; 128: 153–163. https://doi.org/10.1007/s004420100679 PMID:
28547463
85. Ode PJ. Plant chemistry and natural enemy fitness: effects on herbivore and natural enemy interac-
tions. Ann Rev Entomol. 2006; 51: 163–185.
86. Suzuki H, Yasuda K, Ohashi K, Takahashi H, Fukaya M, Yano S, et al. Kanzawa spider mites acquire
enemy-free space on a detrimental host plant, oleander. Entomol Exp Appl. 2011; 138: 212–222.
87. Florencio M, Cardoso P, Lobo JM, Azevedo EB, Borges PA, Jeschke J. Arthropod assemblage
homogenization in oceanic islands: the role of indigenous and exotic species under landscape distur-
bance. Divers Distrib. 2013; 19: 1450–1460. https://doi.org/10.1111/ddi.12121
88. Ribeiro SP, Borges PAV, Gaspar C. Ecology and evolution of the arborescent Erica azorica (Erica-
ceae). Arquipe´lago. 2003; 1: 41–53.
89. Radville L, Gonda-King L, Go´mez S, Kaplan I, Preisser EL. Are exotic herbivores better competitors?
A meta-analysis. Ecology. 2014; 95: 30–36. PMID: 24649643
90. Ville´ger S, Grenouillet G, Brosse S. Decomposing functional β-diversity reveals that low functional β-
diversity is driven by low functional turnover in European fish assemblages. Global Ecol Biogeogr.
2013; 22: 671–681.
91. Silva L, Tavares J. Phytophagous insects associated with endemic, Macaronesian and exotic plants in
the Azores. In: Avances en Entomologı´a Ibe´rica. Museo Nacional de Ciencias Naturales (CSIC) y Uni-
versidad Auto´noma de Madrid, pp. 179–188. 1995.
92. Lima SL, Dill LM. Behavioral decisions made under the risk of predation: a review and prospectus.
Can J Zool. 1990;. 68: 619–640.
Plant-herbivore associations from a remote oceanic island
PLOS ONE | https://doi.org/10.1371/journal.pone.0219493 July 15, 2019 19 / 20
93. Gaston KJ, Bennie J, Davies TW, Hopkins J. The ecological impacts of nighttime light pollution: a
mechanistic appraisal. Biol Rev. 2013; 88: 912–927. https://doi.org/10.1111/brv.12036 PMID:
23565807
94. Olesen JM, Eskildsen LI, Venkatasamy S. Invasion of pollination networks on oceanic islands: impor-
tance of invader complexes and endemic super generalists. Divers Distrib. 2002; 8: 181–192. https://
doi.org/10.1046/j.1472-4642.2002.00148.x
95. Traveset A, Tur C, Trøjelsgaard K, Heleno R, Castro-Urgal R, Olesen JM. Global patterns in pollination
networks in island and continental areas. Global Ecol Biogeog. 2016; 25: 880–890.
96. Picanc¸o A, Rigal F, Matthews TJ, Cardoso P, Borges PAV. Impact of land-use change on flower-visit-
ing insect communities on an oceanic island. Insect Conserv Divers. 2017; 10: 211–223.
97. Weissmann JA, Schaefer H. The importance of generalist pollinator complexes for endangered island
endemic plants. Arquipe´lago. Life and Marine Sciences. 2017; 35: 23–40.
98. Givnish TJ. Adaptative plant evolution on islands: classical patterns. In: Grant PR, editor. Evolution on
islands. Oxford: Oxford University Press; 1998. pp. 281–304.
99. Dunn RR. Modern insect extinctions, the neglected majority. Conserv Biol. 2005; 19: 1030–1036.
https://doi.org/10.1111/j.1523-1739.2005.00078.x
100. Terzopoulou S, Rigal F, Whittaker RJ, Borges PAV, Triantis KA. Drivers of extinction: the case of Azor-
ean beetles. Biol Lett. 2015; 11: 1–4.
101. Hochkirch A, Borges PAV. Conocephalus chavesi. The IUCN Red List of Threatened Species 2016: e.
T68279966A72323178. http://dx.doi.org/10.2305/IUCN.UK.2016-3.RLTS.T68279966A72323178.en.
102. Borges PAV, Lamelas-Lo´pez L, Amorim IR, Danielczak A, Nunes R, et al. Conservation status of the
forest beetles (Insecta, Coleoptera) from Azores, Portugal. Biodivers Data J. 2017; 5: e14557. https://
doi.org/10.3897/BDJ.5.e14557 PMID: 29104432
103. Lewinsohn TM, Novotny V, Basset Y. Insects on plants: diversity of herbivore assemblages revisited.
Annu Rev Ecol Evol Syst. 2005; 36: 597–620.
Plant-herbivore associations from a remote oceanic island
PLOS ONE | https://doi.org/10.1371/journal.pone.0219493 July 15, 2019 20 / 20
